The understanding of the stabilization mechanism of martensite used to obtain alloys with high hysteresis and the possibility of recovering this martensite (residual strain) by heating at temperatures higher than A s and A f have been fundamental for application in bonding devices. One of the possibilities to enhance residual strain is through mechanical cycling. This work evaluated the influence of number of cycles and the effect of precipitation of Nb-rich particles as mechanisms to increase residual strain in superelastic Cu-Al-Be-Nb alloys. The results showed that the presence of Nb-rich precipitates was not a predominant factor for the enhancement of residual strain. In addition, mechanical cycling has proved to be an efficient mechanism for raising residual strain, and consequently increasing the amount of martensite retained. However, the gain of residual strain is accompanied by an increase of plastic deformation.
Introduction
In many practical cases of application using shape memory alloys (SMAs), such as rivets, pipe connections, aeronautical industry devices, etc., it is necessary that the starting temperature of the martensitic transformation, M s , occur in bands temperature below 0 °C. However, due to the need for low temperatures (M s < 0 ºC), for these applications, the storage and installation of these devices must be carried out in cryogenic media, resulting in high cost of use 1, 2, 3 . One way to solve this problem would be to use alloys with a higher thermal hysteresis (difference between M s and A s temperatures). Thus, the alloy could be deformed and stored at higher temperatures (temperature lower than A s ), considerably reducing the costs of storing the components.
The increase of the thermal hysteresis of the SMAs can be obtained through mechanisms that stabilize the martensitic phase. The pre-deformation of the austenite phase has been employed in recent years as a mechanism capable of stabilizing the martensite phase, resulting in the elevation of the thermal hysteresis of Cu-Al 1,4 and Ni-Ti 5,6,7 based alloys. Oliveira et. al. 8 have observed that low strain rates applied during pre-deformation of Cu-Al-Be-Nb alloys are capable to improve residual strain, causing a significant increase in stabilized martensite.
Another feasible possibility to increase the percentage of residual strain in the SMAs is the application of predeformation cycles. Saint-Sulpice et. al. 9 verified through cyclic loading and unloading tests in a Cu-Al-Be alloy the appearance of residual strain immediately after the first cycle, reaching a limit value as the number of cycles increases.
Oliveira et. al. 10 evaluated the evolution of unrecoverable deformation with the number of loading/unloading cycles for a laser welded Cu-Al-Be alloy and observed that only one loading/unloading cycle is required to obtain a stabilization of the cyclic mechanical behavior, i.e, the evolution of irrecoverable deformation and mechanical hysteresis between consecutive cycles is minimal.
Different explanations for the stabilization of martensite caused by pre-deformation have been proposed. For example, for the Cu-Al-Mn alloys, Li et. al. 1 proposed that the stress induced transformation is accompanied by actual plastic deformation of the austenite phase. In this way, the elastic interfaces of martensite are seriously damaged and the transformation hysteresis increases.
In the case of Ni-Ti-Nb alloys, especially, there are antagonistic versions to explain the phenomenon of stabilization of martensite by pre-deformation. According to He et. al. 11 , the large amount of Nb precipitates in the Ni-Ti alloys are responsible for the increase of the residual strain, as well as for the increase in the thermal hysteresis of the alloy. On the other hand, Zhao et. al. 5 , found that the niobium precipitates do not influence the enhacement of thermal hysteresis and the niobium dissolved in the Ni-Ti alloy matrix is responsible for it.
Guniputi and Murigendrappa 12 reported that increasing the Gd content above 0.1% (wt.%) in the Cu-Al-Be-Gd alloy causes high insolubility in the matrix and promotes formation of precipitate and intermetallic agglomeration. In addition, the shape recovery of Gd-doped Cu-Al-Be alloys decreased from 97 to 65%, with the increases of gadolinium content, due to the insoluble gadolinium that impedes the mobility of the martensite variants.
Recently, X-ray diffraction and neutron methods have been applied to investigate the mechanisms associated with stress-induced martensitic transformation in superelastic SMAs 13, 14, 15 . According to Sedmák et. al. 15 the instability of the superelastic behavior, during cyclical stress-strain tests, occurs due to the gradual redistribution of internal stresses caused by accumulation of additional plastic deformations accompanied by stress induced martensitic transformation in a restricted polycrystalline environment.
In addition to the mechanism involved in the stabilization of martensite, the possibility of recovering martensite retained (residual strain) by heating at temperatures (A s-rev and A f-rev ) much higher than A s (beginning of the austenitic transformation) and A f (the end of the austenitic transformation), has been fundamental for application in union devices. Oliveira et. Al. 8 have effectively used a pipe ring with residual strain to join pipes. These couplings exhibited a clamping force as high as that of couplings obtained by the memory effect in conventional manner.
In this sense, the main objective of this work is to evaluate the influence of the number of loading/unloading cycles as a mechanism to increase residual strain in superelastic Cu-Al-Be-Nb alloys. Furthermore, the possibility of reversion of this residual strain by heating at zero load after the mechanical pre-deformation cycles as well as the effect of precipitation of Nb-rich particles on the reverse transformation of the induced martensite were evaluated.
Experimental Procedures
Approximately 450 g of the alloys with nominal composition Cu-11.8Al-0.6Be-0.5Nb (wt.%) and Cu-11.8Al-0.6Be-4Nb (wt.%) were melted by induction in a graphite crucible without atmosphere control. After casting, the alloys were solidified conventionality using gravity casting process in a metal die and then homogenized at 850 °C for 24 h. Before to the tensile test, the samples were heated at 850 °C for 1 h and then quenched in water until reachs de temperature of 25 °C. The specimens used in the cyclic tensile tests are shown in Figure 1 . It is important notice that the device for accommodating the specimens ensures that there is no slippage during the tensile test.
The tensile tests were performed on a test machine (Servopulser Shimadzu 50 KN-EHF) equipped with a heating and cooling chamber. The residual strain was quantified by loading and unloading cycles with deformations of 4.5; 5 and 6% at different temperatures and strain rate of 0.004 s -1 . Samples were deformed at predefined values with constant test temperature. After the deformation, the load was removed until the stress reached a value of zero. Besides that, for each condition, the shape recovery by heating the specimen at zero load after the mechanical pre-deformation cycles were quantified.
Solid state reactions were investigated by differential scanning calorimetry (Shimadzu DSC-60) using a heating and cooling rate of 10 °C•min -1 under nitrogen atmosphere. The microstructure was investigated by optical microscopy and atomic force techniques to evaluate the presence of martensite retained after the cyclic tensile tests.
Results and Discussion
Figures 2a and 2b show the micrographs of the alloys Cu-11.8Al-0.6Be-0.5Nb (wt.%) and Cu-11.8Al-0.6Be-4Nb(wt.%), respectively. It is possible notice a great amount of precipitates for the alloy with 4% Nb, which certainly are rich in Nb, element that presents/displays low solubility in the austenitic matrix 16 . Nb precipitates in Ni-Ti alloys are responsible for increasing hysteresis under pre-deformation conditions, where β-Nb particles act as a block to reverse martensitic transformation after unloading 11 .
Lelatko et. al. 17 reported that for contents above 2.56% (wt.%) of niobium in the Cu-Al-Nb alloy the particle size in the high temperature phase decreases and the fine particles of primary phase segregate predominantly along the limits of grain. Besides that, they observed the degree of shape recovery of Cu-Al-Nb alloys decreases with increasing Nb content from 2.56% to 7.86% (wt.%).
In addition to the influence of Nb precipitation on the microstructure of the Cu-Al-Be-Nb alloys, the effect on the phase transformation temperatures of these alloys, which are presented in Table 1 , was also evaluated. When comparing the austenitic and martensitic transformation temperatures of Cu-11.8Al-0.6Be-4Nb (wt.%) alloy with Cu-11.8Al-0.6Be-0.5Nb (wt.%) alloy, it is possible to observe that these temperatures increase, perhaps due to the formation of niobium precipitates. Another element of low solubility in the Cu-Al alloy matrix is Cr, which as observed by Candido et. al. 18 , promotes a significant change in the phase transformation temperatures of CuAlBe alloys. The authors associated an gradual increase of the transformation temperatures to the formation of precipitates containing Cr and Be and the subsequent reduction of the content of Be in the matrix. Specifically for Cu-Al-Be alloys, Nb-rich precipitates are also rich in Al 16 . It is important to say that the decrease in Al concentrations in austenitic matrix causes an enhancement in the temperatures of phase transformations 19 .
To evaluate the influence of Nb precipitates on residual strain of CuAlBeNb alloys, tensile loading/unloading tests were performed in both alloys studied in this work. The same strain rates and a Ms + 30 °C test temperature were used. Thus, the amount of niobium precipitate in the matrix was not a predominant factor for an increase in the amount of residual strain, as shown in Figure 3 . It can be observed in Figure 3 that to produce the same level of deformation (specifically 6% in this work) the required stress is lower for the alloy with 4% Nb. Similar result was obtained by Zhao et. al. 5 for Ni-Ti alloys.
It was also investigated the evolution of the residual strain with the number of cycles for both alloys. Figures 4 and 5 show the results of a strain-strain test with 3 cycles of loading and unloading at 0°C for alloys with 0.5Nb and 4Nb, respectively. Figures 4 and 5 shows a decrease in the martensite induction stress as the number of loading/unloadig cycles increases. On the other hand, there were no significant changes in residual strain values, around 0.4%, for both alloys between the first and third cycle. A increase in residual strain is related to the phenomenon known as anchoring of dislocations, that reduces the degree of regularity in the microstructure 20 , hindering the path of the reverse transformation and consequently causing martensite stabilization.
Furthermore, it is possible to observe a non-zero residual stress after unloading for alloy with 4%Nb, probably caused by heterogeneity in the grain's deformation. This fact can be understood with the aid of the bicrystalline model reported by sedmak et. al. 14 . The model consists in a bicristal with neighboring grains and different crystallographic orientations separated by an interface parallel to loading directions and simplifies the behavior for a polycrystalline wire.
In addition, both alloys were subjected to repetitive loading/unloading cycling tests in order to evaluate the number of cycles required to obtain the maximum residual strain. For this, the alloy with 0.5% Nb was subjected to 40 cycles while the alloy with 4% Nb was submitted to 10 cycles, both tests were performed at 25 ºC.
According to Figure 6 it is possible to verify that the alloy with 0.5% Nb has an approximate residual strain of 0.64% in the first cycle, 1.22% in the fourth cycle and finally, 1.75% in the last cycle. Therefore, it is easy to prove that in the first four cycles the same amount of residual strain was obtained than in the last 36 mechanical cycles.
For the alloy with 4% Nb, Figure 7 , a residual strain of approximately 1.4% is observed in the first cycle and this value increases to 1.9% after the third cycle. At long last, residual strain increases to 2.2% at the end of the ten cycles. Figures 8 and 9 show the profile of the residual strain evolution curve as a function of the number of cycles for Cu-11.8Al-0.6Be-0.5Nb (wt.%) and Cu-11.8Al-0.6Be-4Nb (wt.%) alloys, respectively. It is possible to notice that, with the increase in the number of cycles, the residual strain also increases, tending to a constant value and the increment of residual strain after 10 cycles was practically the same for both alloys. According to Saint-Sulpice et. al. 21 the behavior Figure 6 . Test for the quantification of the superelasticity at the temperature of 25ºC with 40 cycles of deformation for Cu-11,8Al-0,6Be-0,5Nb (wt.%) alloy. of the residual strain in a Cu-Al-Be alloy subjected to loadunload cycles with constant strain amplitude increases with the number of cycles until reaching a saturation value. According to the authors, this value depends on the amplitude of the deformation applied, i.e, residual strain is higher as high deformations is applied.
The degradation of the superelastic properties with the increase in the number of cycles indicates a enhance of the density of dislocations and/or the amount of stabilized martensite 22 . This superelastic behavior presents a strong dependence on the test temperature, the strain rate and the strain amplitude.
The increase in residual strain with the number of cycles for a polycrystalline Cu-Al-Be alloy was evaluated by Malard et. al. 12 . The alloy was subjected to deformation of the order of 8% to activate plastic deformation, through the mechanism of slip of dislocation. The authors observed that residual strain increases slowly from the second cycle, suggesting that most of the plastic deformation occurs already in the first cycle and that internal stresses are introduced into material's microstructure.
According to Sedmak et. al. 15 cyclic instability in superelastic Ni-Ti alloys occurs due to the gradual redistribution of internal stresses originated from the accumulation of plastic deformation acompanying the stress-induced martensitic transformation in a polycrystal.
The confirmation that part of the residual strain after the loading and unloading tests is associated with the retained martensite was verified from microstructural analysis by optical and atomic force microscopy.
The images of the microstructure of the specimen after the loading/unloading test with 5% deformation at the temperature of 25 ºC, obtained by light microscopy, is showed in Figure 10 . In the deformed region of the specimen, we can observe that part of the martensite (greater concentration in the circulated regions) induced by tension during the test is retained in the austenitic matrix even after unloading, therefore, residual martensite. The residual martensite present in the useful part of the specimen was also observed through atomic force microscopy, as shown in Figure 11 . It is possible to observe the presence of residual martensite in two and three dimensions. It was also verified that the martensite plates have similar heights and with the same orientation for the analyzed region. This result indicates the presence of a single variant of martensite in the area under analysis.
As observed, the behavior of residual deformation with increase of the number of cycles was similar for both alloys studied in the present work. However, the large amount of Nb-rich precipitate presented in the 4% Nb alloy was not sufficient to promote a residual deformation higher than that obtained by the alloy with 0.5% Nb.
Furthermore, the martensitic transformation temperatures of the alloy with 4% Nb are higher than those for 0.5% Nb. The results demonstrated that induction stress for both alloys is dependent on the temperature at which the mechanical cycling test is performed. As verified, this induction stress increased with the increase of temperature.
Oliveira et. al. 8 observed a stress-recovery stress induced martensite, after heating at 200 °C, practically equivalent to the induction stress of the martensitic transformation. According to Cladera et. al. 23 , to avoid any loss of recovery stress after cooling, the temperature A f should be below room temperature.
In this way, the evolution of the residual deformation and the recovered deformation (after heating at 200 ºC) was evaluated only for the alloy with 0.5% Nb, considering that this alloy presented induction stress, at the same test temperature, greater than that presented by the alloy with 4% Nb. Moreover, the temperature A f of the alloy with 4% Nb is above room temperature (25 °C). Figure 12 shows the evolution of residual strain and deformation recovered (after heating at 200 °C) with Cu-11.8Al-0.6Be-0.5Nb (wt. %) alloy temperature. Three loading and unloading cycles with a maximum deformation of 6% were applied. It is verified that the residual strain decreases with the increase of temperature, while the recovered deformation presents a maximum value in the temperature of -30 ºC. As observed by He and Rong 24 the reverse transformation temperature of the induced martensite increases with the increase of the imposed deformation until reaching a maximum value and then decreases with the deformation.
that is, fraction of the stress-induced martensite that did not transform into austenite. For the alloy Cu-11.8Al-0.6Be-4Nb it was verified that the presence of precipitates rich in Nb was not a predominant factor for the increase of residual strain. The alloy Cu-11.8Al-0.6Be-4Nb showed reverse transformation temperatures higher than those presented by Cu-11.8Al-0.6Be-0.5Nb alloy. This fact is related to the large amount of precipitates rich in Nb present in the Cu-11.8Al-0.6Be-4Nb alloy. A saturation process occurs in the residual strain gain with the increase in the number of cycles for the alloys studied. The mechanical cycling showed as a efficient mechanism to increase the residual strain, and, consequently, the amount of martensite retained. However, the gain of residual strain is accompanied by an increase of plastic deformation. With the increase in the number of cycles it was possible to obtain a greater residual strain, but it is verified that the residual strain recovered through the heating is less than half of the residual strain after unloading. This result indicates that a considerable part of the residual strain can be constituted of plastic deformation 25 . Sedmák et. al. 15 verified that the increment of residual strain and the increase of plastic deformation decrease with each applied mechanical cycle.
Conclusions
The results of this work shows that the number of cycles contributes to the increase in residual strain, i.e, when the number of cycles increases the induction stress of the martensite transformation decreases. Part of the residual strain is associated with the retained martensite,
